The paucity of quantitative data concerning the content of pathogenic and potentially pathogenic bacteria in sewage sludge has been cited by Carrington (4) as being a major obstacle in determining the impact pathogens from sludges may have on the environment. Such sludges could pose a significant health risk through the contamination of vegetables, surface waters, and groundwaters.
Hess and Breer (18) found Salmonella species in 90% of the sludges they examined and observed that the organisms could survive for up to 72 weeks in sludges that had been applied to land. Furthermore, they reported that neither aerobic nor anaerobic digestion significantly reduced the contamination of sludge with Salmonella. McKinney and co-workers (27) reported that the survival of Salmonella in sludge in seeded bench-scale digesters was dependent on the density of the initial population, available nutrients, and detention time. Foliguet and Doncoeur (11) have urged the routine disinfection of digested sludges because retention times and temperatures in field digesters varied so that consistent killing of Salmonella was not obtained.
Mycobacterium tuberculosis was found by Jensen (21) in the sewage and digested sludge of towns with tuberculosis sanitoria. The tubercle bacilli were found to survive for as long as 11 to 15 months in sludge on drying beds, but were killed readily by chlorination. Pramer et al. (30) reported finding organisms resembling M. tuberculosis at levels approaching 105/ml in the raw sludge and 104/ml in digested sludge from a sanitorium. Heukelekian and Albanese (19) later made similar observations.
Greer (15) observed densities of up to 107
Clostridium perfringens organisms per g in sludge, but virtually none in the wastewater effluent. He concluded that C. perfringens was concentrated into t-3 sludge. Bonde (3) suggested that C. perj. ng?ns be used as a routine indicator organism in the examination of both wastewater and sludge.
Other bacteria that may play a role in human disease have been detected in sewage and treated effluents. Drake (7), Lanyi et al. (24) , Dutka and Kwan (9) , and Guentzel (16) (35) and stabilization ponds (6) . Some researchers (35) , however, have had success in recovering Shigella from wastewaters. Other organisms that have been isolated from wastewaters and treated effluents include large numbers of Klebsiella pneumoniae and low levels of Staphylococcus aureus (16) . Since these organisms occur in sewage, they also may be found in sludge. Their overt and opportunistic pathogenicity make it important to quantify them to assess any health risk that sludge handling may pose. Comprehensive bacteriological screens have been developed to enumerate potential pathogens from sewage and sewage effluents by bow (13) and Guentzel (16) . A project to develop methodology for bacteriological screening of sewage sludges for pathogenic and potentially pathogenic microorganisms was initiated, using the scheme used by Guentzel (16) as a basis. This paper presents methodologies that can provide quantitative data on the population densities in sludge of fluorescent Pseudomonas species, Staphylococcus, Mycobacterium, Clostridium, and Klebsiella, and semiquantitative data on Shigella and Salmonella. Enterobacteriaceae and oxidase-positive enteric organisms were quantitated using a multi-media rapid identification system. Determinations of routine indicator organisms (total coliforms, fecal coliforms, fecal streptococci, and total aerobic colony counts) also were performed on the sludges for the purpose of comparison with published studies on wastewater. infusion agar slants; after 24 h of growth, oxidasenegative isolates were transferred to triple sugar iron and motility indole ornithine media. Isolates displaying biochemical reactions characteristic of Shigella (25) were confirmed using commercially available antisera (Difco).
MATERLS AND METHODS
Salmonella Because of the high solids content of sludge and the anticipated low densities of Salmonella, a semiquantitative enrichment procedure was selected for use. As suggested by Dutka and Bell (8) , a variety of enrichment broth-plating agar combinations were examined to determine the combination that yielded the highest level of Salmonella. Tetrathionate-salmonella-shigella agar, selenite-salmonella-shigella agar, tetrathionate-brilliant green agar, and selenite-brilliant green agar combinations were compared, and the selenite-brilliant green agar combination was selected. Spino (32), Harvey and Price (17), Cheng et al. (5), and Yoshpe-Purer et al. (37) , among others, have suggested an elevated temperature for the isolation and enumeration of Salmonella from polluted waters. These investigators preferred to incubate inoculated enrichment and plating media at 420C. However, the low levels of Salmonella indigenous to sludge, possible environmental damage to stressed organisms, and the inhibitory nature of the enrichment medium suggested that a 370C incubation temperature would facilitate the detection of these organisms. For these reasons, 370C was used to enhance growth of Salmonella in enrichment, followed by 420C incubation upon transfer to brilliant green agar.
Sludge samples of 10, 1, 0.1, and 0.01 ml were inoculated into separate volumes of selenite broth to yield a final volume at 100 ml, then were incubated at 37°C for 24 h. Subsequently, serial dilutions were prepared from each enrichment culture and plated onto brilliant green agar plates. After incubation at 420C for 24 h, suspect colonies (pink-colored) were subcultured to heart infusion agar slants. After one day of growth on heart infusion agar, oxidase-negative isolates were inoculated into triple sugar iron and lysine iron agar media. Those isolates showing biochemical reactions characteristic of Salmonella (25) were confirmed serologically using commercially available antisera (Difco). Using this procedure, semiquantitative estimations of Salmonella levels could be determined in a minimal amount of time.
MycobacteriunL Guentzel (16) , using benzalkonium chloride at a concentration of 500 ,ug/ml, treated sewage for 30 min before plating it onto Middlebrooks 7H11 agar supplemented with oleic-albumin-dextrosecatalase enrichment. Plates were examined over a 4-week period of incubation at 370C in a 5% C02-in-air
atmosphere. Suspect colonies were tested for acidfastness using the Ziehl-Neelsen stain and were then subcultured onto Lowenstein-Jensen tubed media nd biochemically tested. This procedure gave excellent recovery of many Mycobacterium species, while suppressing most sewage saprophytes.
A modification of this procedure was found to be more suitable for sludges. Nine milliliters of processed sludge was mixed in a Vortex blender with 1 ml of diluted Zephiran chloride concentrate to give a final concentration of 1,600,ug of benzalkonium chloride per APPL. ENVIRON. MICROBIOL. ml. After a treatment period of 35 to 40 min at room temperature (24 to 2500), the mixture was diluted, and samples were spread-plated onto Middlebrooks 7H11 agar with oleic-albumin-dextrose-catalase enrichment, modified by the addition of 3 Ag of amphotericin B (Fungizone) per ml. Plates were incubated at 370C in a 5% C02-in-air atmosphere and observed over a period of 4 weeks for growth. Isolated colonies were stained and observed for acid-fast bacilli. Additionally, all nonchromogenic colonies were subcultured to tubes of L6wenstein-Jensen medium to be tested for niacin production, a distinguishing characteristic ofM. tuberculosis.
Gram-negative enteric bacteria. To quantitate oxidase-positive and oxidase-negative gram-negative enteric bacteria, processed sludge samples were diluted serially in phosphate-buffered saline and plated in triplicate on both MacConkey and xylose lysine deoxycholate agars. After incubation at 370C for 24 h, colonies were isolated from both media at that dilution which had approximately 200 discrete colonies over the six plates. These colonies were streaked to quadrants of MacConkey agar for growth and confirmation of purity.
Subsequent identification involved oxidase testing by the Kovacs procedure (25) and the use of a commercial identification system, the API 20E system marketed by Analytab Products Inc. 
RESULTS
Sludge processing. The procedures compared included: (i) Vortex mixing at high speed for 2 min of 20 ml of sludge containing approximately 1 g of sterile 3-mm glass beads in a 50-ml centrifuge tube; (ii) homogenization at high speed in a Waring blender for 10 s or 3 min; (iii) sonication at various wattage outputs (58, 66, and 76.5 W) using a Branson Sonifier model 200; and (iv) direct plating without treatment. As a part of each processing test, serial dilutions were prepared in sterile phosphate-buffered saline and plated to compare the maximal yield of total aerobic colonies, fecal coliforms, and fecal streptococci.
The results are presented in Table 2 . Sonication at all wattage levels was found to be bactericidal. Sludge sonicated at an output of 66 W yielded the highest recoveries from sludges that were sonicated. The best recovery of viable organisms was obtained in samples dispersed by Vortex mixing with glass beads. Therefore, this method was selected as the sludge handling procedure before any bacterial analyses on subsequent sludge samples.
Routine indicator organisms. Total coliforms, fecal coliforms, and fecal streptococci were enumerated in Vortex-blended sludge samples by using three different methodologies: (i) completed multiple-tube fermentation (1) Application to field samples. Figure 1 is a schematic diagram of the general methodology used to isolate selected bacterial populations from a variety of sewage sludges. Raw primary, wasted activated, digested, and lagooned sludges ranging in solids content from 22,000 to 50,000 mg/liter were examined, and their bacterial populations were quantitated. Table 5 shows the levels of microorganisms isolated from digested sewage sludges obtained from three operating sewage treatment plants in the southern United States.
In the presence of high densities of aerobic and facultatively anaerobic organisms as determined by the total aerobic count, the proposed scheme was successful in enumerating densities of other component populations whose levels may be as high as the aerobic count. For example, the Mycobacterium densities from site 2 equaled the total aerobic count for that sludge, and the vegetative C. perfringens levels in sludge from site 3 approached the total aerobic counts. The Mycobacterium levels at the other two sites were identical, albeit at levels two decimal dilutions lower than that of site 2. The sporulated C. perfringens densities were one decimal dilution lower than vegetative C. perfringens in two of the three sludges. However, in the other sludge, sporulated counts equaled vegetative counts, demonstrating the unique nature of each sludge. In addition, organisms isolated as Klebsiella on eosin-methylene blue agar were quantitated at higher densities than were fecal coliforms in two of the three sludges, perhaps indicating the higher sensitivity of the Klebsiella isolation procedure or the better survival of the organism. The sludge from site 2 contained higher densities of virtually every genus of organisms isolated, and yielded a wider variety and higher quantities of gram-negative enteric bacteria.
Salmonella was easily detected and rapidly estimated semi-quantitatively in each sludge, whereas Staphylococcus and Shigella were isolated from only one of the three sludges reported. The modified methods used to enumerate Mycobacterium, C. perfringens, fluorescent pseudomonads, and Salmonella successfully quantitated their population densities in sludge. The methods utilized to isolate Klebsiella and the indicator organisms also worked well. DISCUSSION We are aware of no previous comprehensive bacteriological screens for overt and opportunistic pathogens recoverable from sewage sludge. Smith et al. (31) examined aerobically digested sludge for fecal coliforms, fecal streptococci, total aerobic count, Salmonella species, and Pseudomonas species. They found that aerobic treatment of sludge at 56°C resulted in significant reduction of these bacterial populations. In a comprehensive examination of piggery-waste digester sludge for the functional organisms involved in sludge digestion, Hobson and Shaw (20) also found Escherichia, Streptococcus, Clostridium, and Bacteroides. Matthews et al. (26) examined dairy effluent sludge for mycobacteria, and found that 42% (27 out of 63) of the sludge samples examined contained mycobacteria, from which 32 different strains were isolated. However, none was pathogenic for experimental animals. Others (11, 18, 22, 27) have reported only on the presence or fate of Salmonella in digested sludge. Carrington (4) , in an extensive review of the literature, lists Salmonella, Shigella, Escherichia coli, Clostridium, and M. tuberculosis as major pathogens that may be recoverable from sludges. Most of the studies reviewed were concerned with only one specific pathogen or with groups of indicators. The present study is the first attempt to screen sludges for these organisms, as well as for a variety of opportunistically pathogenic organisms and indicator organisms, simultaneously. Whereas the methodology described in this report may not provide for absolute quantification of every organism that may be present in sewage sludge, it does enumerate a wide variety of enteric organisms recoverable from sludge.
The high solids content and high levels of saprophytic bacteria and fungi associated with a sludge sample necessitated that selective media and techniques be used in the enumeration of certain microorganisms. Nevertheless, where VOL. 38, 1980 (35) found that temperature was a vital factor in determining the probability of Shigella survival in sewage treatment, with higher temperatures decreasing survival. The recovery ofonly a single isolate from digested sludge is therefore not surprising.
The entire isolation and enumeration scheme was designed to handle sludge samples from field sites on a routine basis. In enumerating Salmonella, Phirke (29) The use of the API 20E Identification System broadened the scope of the bacteriological examination. The system identified the environmental isolates and provided estimates of a large and diverse number of species of organisms, including the Enterobacteriaceae and gramnegative, oxidase-positive enteric bacteria. The use of the API 20E system enlarged the scope of the study to a comprehensive survey capable of identifying and enumerating many pathogenic and potentially pathogenic bacteria likely to be found in domestic wastewater sludges. Van der Drift et al. (34) reported that the removal of bacteria from wastewater was a biphasic process. Initially, the organisms are sorbed rapidly to the solids biomass, followed by predation on the organisms by ciliated protozoa. Moore et al. (28) have shown that enteric viruses are also transferred into the secondary biomass.
Organisms thus removed from raw sewage by secondary wastewater treatment are recoverable from wasted sludges. Subsequent sludge treatment and handling must consider the viability of these microorganisms, because they are introduced into the soil environment by land application.
Edmonds (10) (33) . Stormwater runoff from application sites and direct contact with sludge also pose potential health hazards (10) . The data presented here indicate that organisms with greater survival potential, including mycobacteria, Klebsiella pneumoniae, and clostridia, also were present in high densities in sludge.
The growing practice of disposal to land of these pathogen-containing materials should be coupled with land use limitations for such sites. Pathogens removed through wastewater treatment should not be reintroduced into a population via new reservoirs that may be established by irresponsible land management of application sites. Acreage set aside for food crops that undergo heat processing, for fiber crops, or for forest products can be utilized reasonably for land disposal. However, other agricultural and recreational lands should not be utilized as application sites for primary and digested sludge disposal unless the residual has been further treated by composting, irradiation, or pasteurization.
